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SURFACE SE ISMIC MEASUREMENTS OF THE 

PROJECT GASBUGGY EXPLOSION AT INTERMEDIATE DISTANCE RANGES 

BY 

David H. Warren and Wayne H. Jackson 

National Center for Earthquake Research 

U.S. Geological Survey, Menlo Park, California 

INTRODUCTION 

Project GASBUGGY was an experiment performed by the Atomic 

Energy Commission, the El Paso Natural Gas Company, and the Bu reau 

of Mines, U. S. Department of the Interior, to determine the effective

ness of a method for increasing the recovery of natural gas by large

sca le fracturing of a gas-bearing formation with an underground nuclea r 

exp losion. 

The Project GASBUGGY nuclear explosive of 26 kilotons design yield 

was detonated on Sunday, December 10, 1967, at 1230:00 Mountain St andard 

Time. Lawrence Radiation Laboratory reported that the explos ive was 

emplaced at 4240 ft below the ground surface, 1770 ft from the west 

I ine and 1218 ft from the south I ine in Sect ion 36 of Township 29 North, 

Range 4 West, in Rio Arriba County, New Mexico, about 55 a ir miles east 

of the city of Farmington, New Mexico. The geodetic coordinates are : 

Latitude 36°40 1 40.4" North, and Longitude IOrl2 1 30.3" West. The ele

vation of surface ground zero was 7204 ft above Mean Sea Level. The 



detonati on occurred in the Lewis shale about 40 ft be low its contact 

with the gas-bearing Pictured Cliffs sandstone. Ea rly ind icut ions 

a re that the explosive pe rformed sat isf actorily. 

Thi s document i s submitted as a preliminary data r eport. 

Additional analyses of the data wil I be prepared at a lat er time. 

FIELD RECORDING 

The U.S. Geological Survey recorded se ismic wa ves generated by 

GASBUGGY a long five I ines radiating from the shot site (Figure 1), 

primaril y to determine traveltime and ampl itude var iati ons with azimuth 

a nd distance. T~ble I summarizes the recording systems used. Most 

seismograms were written by one of two different recording systems , 

distinguished here as attended (type no. I) or unattended (type no. 2). 

The attended system has been described by Warrick, and others ( 1961). 

Bri e fly, the attended system is truck mounted and contains six 

vertical geophones arranged in a I inear array 2.5 km long, and two 

horizontal geophones located at one of the vertical geophones near the 

center of the array. The signals are amp I ified and r ecorded on both 

photographic paper and magneti c tape. The unattended systems cons ist 

of usually one but occasionally three vertical geopho nes . S igna ls 

a r e recorded on magnetic tape onl y . AI I USGS systems recording the 

GASBUGGY event used Electro-Tech, EV-17, 1-cycle geophones. In addition 

to the two dominant systems, two variations (types 3 and 4) of the 

atte nd ed reco rding units were used at a few stations (Table 1). 
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Figure I. Location of record ing s ites. GASBUGGY is located at the 

center of the ring s . Recording systems used at th e sites are 

coded by type num ber as given in Tab I e I : 0 Ty pe I; e Type 2; 

6 Type 3 ; 0 Type 4 ; A Type 5 . 
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Table I . Recording Systems 

Electro-Tech 
No. No . EV-171 Amp I i f i er Tape System 
of of coi I Truck and Record ing Pass Moni t o r 

Type Systems Geophones resist ance Mo unted Fi Iter UnitY Unit .!.) Ba nd, Record 
ohms Hz 

10 8 500 Yes S IE TGA-2 Ampex 1-37 Yes CP-1 00 
2 20 1-3 5000 No UED EA-210 Pl - 5 100 1- 17 No 

3 3 4 5000 Yes S IE TGA - 2 None 1- 37 Yes 

4 500 No S IE TGA - 2 None 1- 37 Yes 

5 Other organization. See text. 

11 S IE: Southwestern Industrial Electronics, Hous t on , Texas . 

UED : United Electro Dynamics, div isi on of Te ledyne, Inc ., Pasadena , Ca li fornia . 

PI: Precision In strument Compan y , Palo Alto, Ca lifornia. 



Addi t iona l data, furnished by other groups ope rating stations near 

the USGS recording I ines, have been included in this report (Table I, 

type 5). We wish t o express our appreciation t o the fo ll ow i ng organ i

zations and individua ls for making this data ava i !ab le to us. Wayne 

Helterbran of the Air Force Technical Applicati ons Center (AFTAC) fur

nished data at Kanab, Utah; Tonto Forest Observatory , Arizona; a nd 

Las Cruces, New Mexico, from their Long Range Se i smic Measurements 

Program in advance of the ir event report for GASBUGGY (Tho rpe a nd 

others, 1968). Jon Peterson of the U. S. Coast a nd Geodetic Survey . 

furnished data at Taos and Mora Ranch, New Mexico, on the recording 

I ine t o the east. The recording I ine to the south wil I be described 

in gr eat e r detai I in a report by the U. S. Coast and Geodeti c Survey; 

Geo log ical Survey data for the southern I ine are included in this report 

for completeness. James Taggart of the Environmental Sc iences Laborat ory 

furnished data at Poorman Mine, Colorado. 

Table 2 I i s ts coordinates and distances for alI recording s ites 

included in this report. 

RESULTS 

Amp I itudes were measured on monitor or play-back se ismograms 

(Append ix I) us ing the AFTAC convention: (a) rest position to fir st 

peak of initial upward motion, (b) first peak to first trough, (c) fir s t 

trough t o second peak, and (d) maximum peak-to-peak amp I itude o f fir st 

phase. Measurements of (d) were made no later than about one-ha lf 

second after the time of first upward moti on , even though a much hi gher 

amp I itud e might occur within th e next half second. Even thi s r 0stri c 

ti on did not always result in freedom from phase inte rf e rence . 
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Table 2 . St ation Locations and Di stances 

Direction Name Unit Trace Location Distance 
Type* ldentifi - Number Latitude; No rth Longitude. \•/est km degrees 

cation 

NORTH Cochetopa, Co lo . 3 Zulu I 38 ° 20 . 53' 106° 44.62 ' 189 . 23 I . 703 

" " " " 4 38° 20 . 82 ' 106° 43 .85 ' 190 . 00 I . 7 10 
Buena Vist a, Colo . 2 134 38° 45 . 39' 106° 4.47' 251 . 43 2 . 263 
Climax , Co lo . I Papa I 39° 19 .25' 106° 13 . 25 1 305 . 91 2 .7 53 

" " " " 6 39° 20 .50 1 106~ 13 . 25 1 308 . 12 2 . 773 
Breckenridge , Co lo 5 I 39° 3 1 . 60 1 106° 02 .70 1 332 . 26 2 . 990 

" II " 12 39° 32 . 80 1 106° 02 . 35 ' 334 . 52 3 . 0 II 
D i I I on , Co lo. 2 130 39° 43 . 53 1 106° 7. 71 I 351 . 23 3 . 16 1 
Granby , Co lo 2 174 I 40° 3 . 02 1 I 05° 56 . 17' 390 . 51 3 . 515 

" " " " 3 40° 3 . 53 1 105° 56 . 08 1 391 .45 3.523 
Poo r man Mine, Co lo. 5 40° I . 80 1 105° 20 . 22 ' 406.48 3 . 655 
Timber Creek , Colo. 2 129 40° 22.83 ' 105° 50.96 ' 427 .7 5 3 . 850 
Tie Siding, Wyo . I Lima I 4 1° 1.55' 105° 33.00' 503 . 68 4 . 533 

" " " " 6 41° 2.87' 105° 32 .80 1 506 . 09 4.555 

Taos, N. ~~ . 5 36° 22 . 99 ' 105° 33.05 ' 152.00 I . 368 
Mora Ranch , N. M. 5 36° I 0.9 1 I 104° 54.25 1 213 . 83 I . 924 

EAST Roy , N. M. J u I i et I 36° 3 .45' 103° 55 .75' 302 .21 2 . 720 
" " " " 6 36° 3.45 ' 103° 54.20 1 304 . 47 2 . 740 

Rosebud , N. M. 2 176 35° 5 1 . 60 ' 103° 2 1 .45 ' 357 . 71 3.21 9 
Romero , Tex . 2 150 35° 43.45 ' 102 ° 55 . 58 1 399.35 3 . 594 
Cha nning , Tex. 2 108 35° 42 . 461 102° 23 .30 ' 446 . 66 4 . 020 
Ama ri I I o , Tex . I Tango I 35° 31 . 47 I 101° 50 . 45 ' 499 . 93 4 . 496 

" " " " 6 35° 31 . 03 I 10 1° 48 . 90 ' 502 . 41 4 . 51 8 

SOUTH Soco rro, N. M. India I 33° 58 . 86 ' 106° 57 . 72 ' 300 . 03 2 . 700 
t: " n " 6 33° 57 . 85' 106° 56 . 75 ' 302 .01 2 . 71 8 

Las Cruces , N.M. 5 32° 24 . 13' 106° 35 . 97 ' 478 
~1esq u i te, N. ~~ . Kil o I 32° 12 . 85 ' 106° 36 . 13 ' 498 . 27 4 . 484 

" " " " 6 32° II . 97 ' 106° 35 . 34 ' 500 . 02 4 . 500 
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Tab le 2 . Station Locations and Distances (Continued) 

Directi on Name Un it Trace 
Type ldentifi- Number 

cation 

SOUTHWEST 

WEST 

Ga I I up , r~ . M. 3 

" " 
,, 

Twin Lakes , N. M. 2 
St . Michaels, Ar iz. 2 
Sun ri se Sp rings, Ar iz. 2 

" " " 
Holbrook , Ariz . 

" " " 
Winslow, Ar iz . 2 

" " I! 

Chevelon , Ar iz. 2 
Tont o Forest Obs. , Ar iz.5 
Sunf lower, Ariz . I 

" " 

Farmington, N. M. 
" " 

S h i p r.oc k , N. M. 
Teec Nos Pas, Ari z . 
Mexican Wa t er , Ariz . 
Shonto , Ar i z . 

" " 
Kaibi t o, Ariz . 
Kanab, Utah 

" " 
If It 

" 

3 

" 
4 
2 
2 
I 

" 
2 
I 

" 
5 

*See Ta ble I fo r exp lanati on of code . 

Al pha 
" 

136 
139 
175 
" 

Hotel 
" 

154 
" 

144 

Sie rra 
" 

Mike 

Cha ri ie 
152 
I 0 I 
Quebec 

" 
153 
Romeo 

I 
4 

I 
3 
I 
6 
I 
3 

I 
6 

I 
4 

I 
6 

I 
6 

Location 
Latitude North Longitude Wes t 

35° 57.15 1 

35° 56 .75 1 

35° 42 . 28 ' 
35° 38 . 80 ' 
35° 34.35' 
35° 34 .06 ' 
35° 6 . 25 ' 
35° 5 .40 ' 
35° 3.65 1 

35° 3 . 20 1 

34° 36.57 1 

34° 17. 20 1 

33° 51.52' 
33° 50.62 1 

36° 46 .40 1 

36° 46 . 60 ' 
36° 48.75' 
36° 54 . 85 ' 
36° 55 . 25 1 

36° 36 . 25 ' 
36° 36 . 20 ' 
36° 32 . 92 ' 
37° 1.44 1 

3r 1.1 5 ' 
3r 1.37' 

08 ° 38.15' 
08 ° 39.00' 
08° 48.20' 
09° 6 . 80 ' 
09° 49.52' 
09° 50. I 0' 
10° I. 75' 
10° 3.00 ' 
10° 39.05' 
10° 39.38' 
10° 52.87' 
I I o 16.05' 
I I o 25 . 97 ' 
I I o 26 . 67 ' 

108° 
108° 
108° 
109 ° 
109° 
II 0° 
I I 0° 
I I I o 

I 12° 
I 12° 
I 12° 

9 . 20 1 

9 . 80 1 

45.75 1 

4 . 80 1 

35 . 75 ' 
36 . I 0 I 
37.75 1 

7. 44 1 

48 . 15 ' 
49.67 1 

49 . 65 ' 

Distance 
km degrees 

151 . 36 
152. 84 
179 . 56 
206 . 09 
265.59 
266 . 62 
308.79 
31 I .24 
358 . 94 
359 . 80 
404 . I 0 
454 
495 . 52 
497.43 

85 . 08 
86.01 

139.60 
169 . 09 
2 14 . 77 
303 . 56 
306 . 02 
350 . 57 
500 . 34 
502 . 56 
503 

I . 362 
I . 376 
I . 616 
I . 855 
2.390 
2 .400 
2 . 779 
2.80 1 
3.231 
3 . 238 
3 . 637 

4.460 
4.477 

0 . 766 
0 . 774 
I . 256 
I. 522 
I . 933 
2 . 732 
2 . 754 
3 . 155 
4 . 500 
4 . 520 



Mea sured amp I itudes were then converted to microns per second (~/ sec ) 

ve loc ity amplitude as described in Appendix 2. Ve locity amp I itude s 

(Tab le 3) are plotted according to azimuth from GASBUGGY in Fi gu res 2 

through 6. A dashed reference I ine of I0 12/r 5 ~/sec i s show n on eac h 

pl ot . 

It is possible to attain a measure of amplitude prec ision for array 

stations having 4 or more geophones, but the number of mea su rements 

is barely sufficient to conduct a statistical analysis. Amp I itud es 

from each geophone were individually measured and averaged to obta in 

one value for each array. Whenever 4 or more samples were avail ab le 

for one station, a standard deviation was computed (Table 3). 

Standard deviations are also indicated on the amplitude plots 

(Figures 2 through 6) by vertical bars. 

The simple average of the ratios of standard deviations to 

amp I itudes is 20 percent. Amplitude errors introduced by the recording 

system wil I result in deviation ratios of 10 percent or less; therefo r e , 

the larger value of standard deviations indicates that amplitude fluc

tu ations a re real. Major differences are perhaps related to the 

s urface geophone plants and geologic conditions immediately under the 

array. Examples of either extreme are provided by the Mesquite and 

the Fa rmington locations. At Mesquite,where the array extended from 

an alI uvial val ley into a mountain having granite outcrops, there are 

extreme variations in surface and geologic conditions, resu lting in 

a very la rge standard deviation. Most of the other stations were in 

areas where geologic conditions were less extreme, as suggested by 

7 



Table 3. Amp I itude Measurements 

Am~l itudes and standard deviations (IJ/sec) 

a.ll b.zl c.31 d.!:il 
Stan- Stan- Stan- Stan-

No. dard No. dard No. dard No. dard Dominant 
Distance, of Amp I i- devia- of Amp I i- devia- of Amp I i- devia- of Amp I i- devia- period, 

Direction Name km sam les tude tion sam les tude tion sam les tude tion sam les tude tion sec 
NORTH Cochetopa 190 I I .4 4 7.8 I .3 4 17 2 4 19 4 0.34 

Buena Vista 251 
~ 

I 2.2 l 4.0 I 4.5 I 21 0. 12 
Di lion 351 I 2.6 I 19 I 28 I 28 0.20 
Granby 391 ''" 2 I .24 2 6.5 2 9.5 2 9.5 0.24 
Timber Creek 428 I 0.077 I 0.65 I 1.33 I 1.33 0.21 
Tie Siding 505 I <0.05 I 0.17 5 0.78 0.14 5 0.96 0.11 0.26 

EAST Taos 152 17 I 45 I 63 I 63 0.50 
Mora Ranch 214 I. 7 I 2.9 I 14.6 I 105 0.50 
Roy 303 0.17 5 I. 7 0.3 6 3.8 0.7 6 4.9 I . 2 0.24 
Rosebud 358 0.30 I 1.29 I 1.67 I 3.2 0.24 
'Romero 399 I <0.38 0.25 
Channing 447 0.04 I 0.36 I 0.87 I 0.87 0.30 
Amarillo 501 <0.09 5 0.17 0.02 5 0.32 0. II 6 0.54 o. 12 0.24 

SOUTH Socorro 301 0.23 4 0.77 0.16 4 1.4 0.3 4 1.5 0.2 0.40 
<X> Las Cruces 478 I 0.81 0.2 

Mesquite 499 4 C.COI5 0.0011 6 0.10 0.02 6 0.21 0.09 6 0.34 0.16 0.29 

SOUTHWEST Ga II up 152 I 0.85 4 14.0 1.0 4 32 5 4 54 4 0.44 
Twin Lakes 180 I 1.4 I II .0 I 22 I 22 0.40 
St. Michaels 206 I 1.1 I 12.2 I 35 I 268 0.31 
Sunrise Springs 266 2 1.4 2 6 .0 2 10.0 2 14.6 0.22 
Hoi brook 310 I 0.10 6 0.30 0 .06 6 0.49 0 . II 5 7.9 0.4 0.27 
Winslow 359 2 0.24 2 1.81 2 1.72 2 10.6 0. 12 
Chevelon 404 I 0 .77 I 1.44 I 0.55 I 12.3 0.23 
Tonto Forest Obs. 454 I 12.2 0.23 
Sunflower 496 5 0.14 0.02 6 0.52 0.09 12.3 I 29.2 0.27 

WEST Farmington 86 4 40 6 4 205 5 4 294 4 4 294 4 0. 19 
Shiprock 140 I 6 I 32 I 56 I 56 0 .25 
Teec Nos Pas 169 I 3.1 I 21 I 37 I 37 0.22 
Mexican Water 215 I 0.3 I 4.7 I 5.4 I 31 I 0.24 
Shonto 305 I 0.15 5 I .2 0.2 5 2.9 0 .4 6 19 2 0 .32 
Kaibito 351 I 0.47 I 0.77 I 0.39 I 9 . 9 0.18 
Kanab 501 I 0.02 4 0.09 0.02 4 0.277 0.01 3 6 6 .0 1.1 0.24 
Kanab 503 I 5.4 0 .4 

ll Measured from rest positi on to fi rst peak 11 Measured from first trough to second peak ~ :rnV ttl-. 
'l:_l ~1easured from first peak to first troug h !l/ Maximum pea k- t o- t roug h meas urement within the fi rst f)i:>lf second 
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mu c h small e r deviations. At Farmington, where each geophone of the 

a rray wa s on sandstone of the same I ithologic unit, th e standard 

devi ation ratio is 5 percen~ which approaches the instrumenta l accuracy. 

Reduced traveltimes were calculated by subtracting from each 

obse rved traveltime a value equal to the di st a nce divid ed by a ve loc i ty 

of 8 .0 kilometers per second (Table 4) . .Elevati on corrections we r e 

applied to these red~ced traveltimes, using a datum elevation of I . 5 km . 

The correction 6T is given by 

where: 

6T = (seconds) 

6h is elevation above or below I .5 km, 

V1 is the velocity of the upper crust, assumed to be 6.0 km/ sec , 

8 . . ~ 
IS arcsin V

2
' 

V2 is the propagation velocity, assumed to be 6 .4 km/ sec fo r 

crustal arrivals and 8.0 for P arrival s . 
n 

INTERPRETATION 

The purpose of this report is to present the data that were record ed; 

a detailed interpretation is not intended. However, it may be we i I 

to point out some preliminary observations, realizing that they have 

not been subjected to detailed analysis. 

The GASBUGGY traveltime data are in reasonable agreeme nt with 

previous seismic-refraction surveys in surrounding areas. These inc lud e 

surveys in the Southern Rocky Mountains of Colorado (Jackson and 

Pakiser, 1965), in the Great Plains of eastern Colorado (Jackson and 

others, 1963), in Eastern New Mexico (Stewart and Pakiser, 1962), in 

Central Arizona (Warren and others, 1965, and Roller and others, 1964), 

14 



Ta b le 4 

Trave lt ime Measu reme nts 

Red uced 
Locati on Trace Trave l- Elevi'l - Tr;w o l-

fJ i recti on rJarne Number Di st a nce , time , t ion, I i rn r! , 

km sec km r, oc 

NORTfl Coc hetopa 2 189 .5 3 1 . 98 2 . 76 8 . 25 
Buena Vista 25 1 . 4 40 . 80 2 . 35 9 . 35 
Climax 307 . 7 47 . 89 3 . 17 9 . 40 
Breckenridge 332 . 3 5 1 .09 2 . 84 9 . 49 
Di lion 351 . 2 53 . 44 2 . 58 9 . 50 
Granby 390 . 5 58 .36 2 . 46 9 . 40 
Poorman Mi ne 406.5 59 . 94 I . 99 9 . 09 
Timber Creek 427.7 63 . 14 2 . 72 9 . 6 1 
Tie S idi ng 3 504.6 72 .1 2 . 4 1 9 . 0 

EI\ST Taos 152 . 0 25 . 80 2 . 19 6 . 79 
~~o ra Ra nch 213.8 35 . 58 2 . 19 8 . 84 
Roy 5 304 . 0 46 . 64 I . 69 8 . 67 
Roseb ud 357. 7 53 . 38 I. 50 8 . 72 
Romero 399 . 4 59 . 7 ? I . 26 9 . 8 ? 
Channing 446 . 7 64 . 45 I . 16 8 . 70 
Ama r il lo 5 50 I . 9 71 . 4 I . 03 8 .8 

SOUTH Socorro 5 30 I .6 45 . 69 I . 58 8 . 03 
Las Cruces 4 18 67 . 5 1 .. 59 7 . 7 
Mesqui t e 5 499 . 6 70 . 09 1.40 7 . 70 

SOUTHW EST Ga II up 2 151 . 9 25 . 73 I . 82 6 . 76 
Tw i n Lakes 179 .6 29 . 95 I . 96 7 . 50 
St . Michae ls 206 . I 34 . 14 2 . 08 8 . 39 
Sunr i se Sp r ings 2 266 . I 41 . 62 I . 84 8 . 38 
Ho I brook 6 3 11 . 2 47 . 35 I . 63 8 . 48 
Wins low I 358 . 9 53 . 65 I . 47 8 . 8'1 
Cheve lon 404 . I 59.30 2 .02 8 . 79 
Tonto Forest Obs . 464 65. 6 I . 50 P, J l 
Sunflower 5 497 . 0 70 . 24 I. I I ~~ . 2r; 

VJEST Fa rm i ngton 2 85 . 5 15 . 29 I . 7 1 4 . G3 
Ship rock 139 . 6 23 . 77 I. 52 6 . 35 
Teec Nos Pas 169 . I 28 . 37 I . 64 7 . 25 
Mex ican Water 2 14 . 8 35.8 I . 53 9 . 0 
Shonto 5 305.5 47 . I 0 2 .01 8 . 9 1 
Ka ib ito 350. 6 53 . 30 I . 89 9 . 50 
Kanab 5 502 . I 7 1 .5 I . 69 8 . 7 
Ka nab 503 7 1 .8 I . 74 8 . 9 

15 



a nd in the Easte rn Co lorado Plateaus l~rov ince in Utah a nd Arizona 

(Ro ll e r, 1965 ). The apparent veloc iti es of P obse rved he r e a re not 
n 

re i iabl e beca use the recor di ng stations a re ge nera ll y too far apa rt. 

When the earlier surveys a r e rei led upon, it is poss ib le to f it the 

observations into a consiste nt picture. Figure 7 s hows a compos ite 

plot of the reduced traveltime data separated by az imuth. Appa re nt 

vel oc ity I ines of 8.0 km/sec, or slightly less, a re dr awn to fit the 

P data and to be consistent with surveys of surrounding r egions . The 
n 

narrow range of apparent velocities of P suggests the c ru st-mantl e 
n 

interface to be structurally uncomplicated. P intercepts range from 
n 

a low of approximately 8 seconds toward the south to approx imat e ly 

9 second s toward the north, indicating a s light regional dip to the 

north. 

Arrival times for the most distant stations, except for those t o 

the east, are uniformly early (Figure 7). The amplitude pl ot s generally 

show a disturbed region from 300 to 400 km (Fi gures 2 through 6). 

These facts suggest the emergence of a new phase as a firs t arrival 

at distance ranges approaching 500 km, consistent with previous 

observations of a deeper layer in the uppe r ma ntl e hav ing a ve loc ity 

of about 8.4 km/sec. Roller and Jackson (1966 ) reported a n 8 . 5-km/sec 

laye r at a depth of about 100 km between Lake Superior and Centra l 

Arizona. Earlier, Ryal I and Stuart (1963) reported first-arriv a l 

a pparent velocities of 8.4 km/sec beyond 390 km east of the Nevad a 

Test Site. None of the earlier mentioned surveys reported this hi gh 

apparent velocity; however, none of those surveys recorded at 

distances beyond 400 km. 

16 



Figure 7. Reduced traveltime plots for alI azimuths. Lines s hown 

represent preliminary interpretive equations, as described in 

the text. Traveltimes have been shown as open triangles if 

furnished by another organization. These are generally on the 

recording I ine, but the measurement at 408 km on the north I ine 

was on the opposite side of a major mountain range (Front Range) 

in the Rocky Mountains. 

17 



10 9.2 + X/7.95 _ Q 12./7-
-1-o-o--o--o - - X/8 

15 
6. --- .q. I NORTH (5--

10 
a; 

I 
-'11 8.75 + X/8.0 I o-o 

- 10 I I EAST 
(.) ~ (Ql I -o 1 w a a 4 + X/7~5--:_ .___ .:::::.'·6.,.. x /a (/) 

5 ~'I d - . -- .... 4 
CD 0)"1-.1 I 

- - - WES0T --....~ .... 
......... 

X 10 
'I 

I 
I I ~ 

5 I I I I 7 9 + )( /7.8 5 --0::: /f. 2 j. )( w 
::E I I . 0 ~~ /8."/ - SOUTH-WEST ~--~ 

I ...J 
w 
> 5 I <( 0 a:: I 8.0 +XI 8.0 IO.ss "f. ~ 

0 ----o--- -=::-~- X/8 0 I l! o · <~-w I SOUTH ----(.) 

5 :::> 
I 0 

w 
a:: 0 I 

I 
I- 5 I (/) 
w 
3: I :r:: 0 :r:: :r:: 

1-1-1-1-1- I Q:(/)(/)::)::) 
oc:tWOO 
Z W~(J) (f) I 

0 
0 100 200 300 400 500 

DISTANCE ( KM) 
17a 



Other interpretations a re possible. For examp le , in Northern 

Co lorado , Jackson and Pakiser ( 1965) deduced an abrupt decrease in 

crusta l thickness to the north. The trave ltimes to the north (Figure 7) 

might qualitatively fit this interpretation, without the necessity 

for an 8 .4-km/sec layer at greater depth. 

Fir~t arrivals, with apparent velocities of 6 .4 km/sec , appear 

on the west and southwest profiles and possibly on others (Figure 7). 

Upper crusta l velocities reported by other work in this region are 

lower. The data are not sufficient to deduce if thi s is a true 

velocity or due to structural complications. 

These brief observations indicate that the GASBUGGY data wil I 

s ignificantly add to our knowledge of the crust and upper mantle 

s tructure in North America. 
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APPEN DI X I 

FIRST ARR IVALS AND CAL IBRATI ON S 

The fo ll ow ing pages con t ain a copy of the portion of each seismogram 

that includes the first arr iva l. The topmost number of the labe l 

refe rs to the system number as given in Ta b le I. Underneat h is the 

station name and, in t he case of truc k-mounted systems, the unit 

designati on as we i I. The monitor records a re reprodu ced for the 

truck-mounted systems (types I and 3) . Tracings were made of p laybacks 

for the unattended system (type 2) a nd of the d irect-print reco rding 

for type 4. Only one trace was se lected for t ype 2 recordings of more 

than one channel. 

Se ismograms from type I and 3 systems have 2 levels , separated 

by 15 db . Trace orde r is from t op t o bot tom with increas ing d i stance 

from the eve nt. The t ype I system has two hor i zontal geophones , rad ia l 

(channel 7) and transverse (channe l 8) , at t he locati on of the vert ica l 

geophone of e ithe r cha nnel 3 o r 4. Underneath the geophone cha nne ls 

a re a series of t iming channels includ ing both a conventional and a 

rectifi ed WW V radio trace , a coded and a clean 100- Hz trace , and a 

chronomete r trace . Timing I ines have been labe led so that by add ing 

the correct ion g iven near the lef t, true traveltimes may be rea d. The 

t r ave lti me of f irst ar r iva l is labeled. 
I 

Type 2 and 4 seismog r am trac ings are time-l abe led by un co rrected 

marks ove r a 4- second interva l, with zero t ime taken as 19 :30 . The 

t ype 2 system uses a WW VB receiver; the type I a WW V rece ive r . The t ime 

of first a rriva l indicated, however, has been corrected f or s h ot~ti me 

delay . 

2 1 



The osci I lator calibration applied to the amp I ifier input i s 

s upe rimposed on the lef t side of each seismogram. See Appendix 2 

for a desc ription of its use in measuring amp I itudes . The vo ltage 

of each ca librati on is marked in mi I I ivolts (mv) o r microvo[ts (~ v) . 
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APPENDI X 2 

CALIBRATION OF THE RECORD ING SYSTEM 

Amp I itude measurements were made in a ma nner s imi Ja r t o that 

desc ribed by Eaton ( 1963) . A ca li brati on record, from known RMS 

voltages applied to the input of the amp I ifier, is used t o measu r e 

the input voltage that corresponds t o the recorded s igna l amp I itude . 

Then it is assumed th at the ground-motion amp I itude i s th at of a 

simple - harmonic component req uired t o prod uce the measured input 

voltage. The harmonic character of the recorded waveforms is 

approximated by measuring the period at the location of amp I itude 

measurement on the seismogram. The ef f ect of this approximation 

can be minimized by making the meas urements in units of velocity, 

because over the frequency range of measurements th e se i smomet e r has 

a r e lat ive ly fl at ve loc ity response . 

A form of t he seismometer release test i s routinel y made on the 

attended system. A known, constant voltage is applied to the se i smomet e r 

coi I to displace the mass. Then a switch simultaneou s ly stops t he 

current flow and connects the sei smometer to the amp I ifi e r in put . The 

resultin g pulse is recorded. The use of this test req uires s pectral 

analyses which have ~ot been made for thi s preliminary data report. 

The recording system desc ribed by Eaton (1 963 ) is essentiall y the 

same as the attended system used here for the GASB UGGY reco rding , except 

that Electro Tech, EV-17, seismometers were used instead of Ha l 1-Sea r s 

HS-IO's. The ground displacement may be found by combi ning eq uat ion (2 ) 

and (3) and dropping the osci I latory cosine multiplier to arrive at 
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a general form of equation (4) (Eaton, 1963, p. 5791-5792): 

where: 

S = peak-to-peak amp I itude of an event on the seismogram, 

scaled in any convenient units, 

C peak-to-peak amp I itude of the sinusoidal ca librat ion 

signal on the same seismogram, scaled in the same units 

as S, 

V rms voltage of the calibration signal, 

Fo resonant frequency of the seismometer in cycles per 

second (cps) = I .033 cps, 

f frequency of the ground motion in cps, 

S damping constant of the seismometer circuit, 

G intrinsic sensitivity of the seismometer to motion alon g 

a I ine vertical to the seismometer frame , 

Z i nput impedance of the recording sys t em (res is tive at 

operating frequ e ncies) , 

L I ine resistance, 

r = coi I resistance of the seismometer. 

Ground velocity amp I itude may be found by multiplying by 2nf: 
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Th e term in brac kets . {} _, is the frequency factor in mi c rons/ second -

mi I I ivolt (~/sec-mv) needed to convert se is mogr am amp I itud e in mv to 

ground ve locity in ~/sec , and this factor mu st be eva lu ated for each 

recording system used. The parameters that vary with reco rdin g sys t em 

a re S, G, Z, L, and r . 

The re a re three possible combinations corresponding to the reco rding 

s ystems described in Table I. The 500-ohm coi I se ismomet e r was used 

with the attended, tru ck-mounted system (type I); the 5000- ohm co i I 

seismometer was used with the unattended sys t em (type 2); and the 

5000-ohm co il seismometer was used with the atte nded, truck- mounted 

sys t em without tape recording (type 3) with a n attenu ation pad in each 

se ismomete r I ine. The parameters for these varying conditi ons a re as 

follows: 

Parameter Units Type I Type 2 Type 3 

s 0.64 I. I I . 0 

G mv-sec/~ 0. 156 0.50 0.50 

z ohms 1550 4100 5060 

L ohms 460 Neg lected Neg lected 

r ohms 524 5000 5000 

A comp li cation ar i ses from the inserti on of atte nu ati on pads 1n 

the seismometer I ines for t ype 3 , in which th e amp I i f ie r inpu t impedance 

of the amp lifier is the same as type I. The va lu e of Z g ive n here i s 

that see n by the seismometer, including the effect of th e pad . The 

ca li bration s ignal is applied at the amplifier input so th e attenu ati on 

fa ctor ( 14.1) of the pad must be considered in making amplitude 

measurements. Attenuation pads were also used on some of the unattend ed 
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T 

systems (type 2) a t short-distance ranges. However , in each one of 

these cases the ca li bration signa ls were applied to the attenuat ion-

pad input so the attenuat ion factor need not be considered . The pads 

were des igned so that th e imped ance seen by the se ismometer i s 3960 ohms , 

whi ch i s not s ignif icantly different from t he Z of th e amp l ifi e r. 

The accompan y ing graph (Fi gure 8) shows values of the per iod 

factor for the three possible conditions. (For type 3 measurements 

an add iti ona l multiplier of 14.1 must be used for the attenuation - pad 

loss.) The plots are inverse response curves. The low- frequency 

behavior of the input impedances of the systems ha s not bee n checked 

in det a i I; thus, the curves may not be precise above 0 . 5- sec period. 

For the s ing le-channe l attended system (type 4l a lI parameter s 

are identi ca l to those of type I . 
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Figure 8 -- Velocity amp! itude factor p lots for system 

types I. 2 , and 3. 
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